The trion, a three-body charge-exciton bound state, offers unique opportunities to simultaneously manipulate charge, spin, and excitation in one-dimensional single-walled carbon nanotubes (SWNTs) at room temperature. Effective exploitation of trion quasi-particles requires fundamental insight into their creation and decay dynamics. Such knowledge, however, remains elusive for SWNT trion states, due to the electronic and morphological heterogeneity of commonly interrogated SWNT samples, and the fact that transient spectroscopic signals uniquely associated with the trion state have not been identified. Here, we prepare lengthsorted SWNTs and precisely control charge-carrier-doping densities to determine trion dynamics using femtosecond pump-probe spectroscopy. Identification of the trion transient absorptive hallmark enables us to demonstrate that trions (i) derive from a precursor excitonic state, (ii) are produced via migration of excitons to stationary hole-polaron sites, and (iii) decay in a first-order manner. Importantly, under appropriate carrier-doping densities, exciton-to-trion conversion in SWNTs can approach 100% at ambient temperature. Our findings open up possibilities for exploiting trions in SWNT optoelectronics, ranging from photovoltaics and photodetectors to spintronics.
T he trion, comprising an exciton and a charge (1) , defines a unique quasi-particle species by its hybrid nature: it simultaneously carries excitation energy, net charge, and unpaired spin. Exploitation of trions in optoelectronics has been impeded by their small binding energies (ΔE Tr ) in conventional 3D (ΔE Tr ∼ 0.01-0.3 meV) (2) and 2D (ΔE Tr ∼ 1-5 meV) (3, 4) semiconductors, wherein trion observation is made possible under cryoconditions (4) . In sharp contrast, optical excitation of the semiconducting single-walled carbon nanotube (SWNT) charged ground state (E + 00 ) gives rise to trions even at room temperature (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) , due to the drastically increased ΔE Tr (∼100 meV) in 1D SWNTs that arises from reduced dielectric screening. Owing to the substantial ΔE Tr , the tightly bound trion quasi-particles in SWNTs offer new opportunities to manipulate charge, spin, and excitonic energy at room temperature. To fully understand and exploit the exceptional potential of SWNT trion species, it is vitally important to attain fundamental insights into the dynamics and mechanisms that characterize their creation and decay.
Various transient optical methods have been used to indirectly assess trion dynamics in SWNTs; such studies report trion formation and decay time constants that vary by many orders of magnitude (11) (12) (13) (14) . Furthermore, corresponding mechanistic descriptions of trion generation and decay are ambiguous, due to the heterogeneity of the nanotube samples studied and the lack of a clear trion spectral fingerprint. Indeed, recent experimental and theoretical evidence for the suppression of exciton-free carrier scattering (16, 17) in SWNTs challenged the excitonfree hole scattering mechanism for ultrafast (∼50 fs) trion formation (15) . Additionally, linear optical studies of charge-doped SWNTs demonstrate a new lower-energy absorption, which has been attributed to a direct ground-to-trion optical transition (E + 00 ! hυ Tr + 11 , where Tr + 11 denotes a low-lying electronically excited trion state) (5, 8) ; no experimental evidence, however, has confirmed the nature of the state produced by SWNT E + 00 photon absorption. Here, we describe the transient absorptive and dynamical properties of hole trions in length-sorted semiconducting (6, 5) SWNTs, wherein hole polaron densities are rigorously controlled. Owing to the electronic and morphological homogeneity of these SWNT samples, we clearly identify a trion transient absorptive hallmark, which in turn enables us to correlate dynamical processes characteristic of bright excitons, hole polarons, and trions, and thus unambiguously unveil trion formation and decay dynamics. By comparing trion dynamics acquired from pumping in resonance with the E 00 → E 11 exciton transition, with those obtained from excitation of the previously assigned "trion transition," we ascertain charge-doped 1D SWNTs do not possess a direct E + 00 → Tr + 11 optical transition. Moreover, these dynamical studies demonstrate that under appropriate carrier-doping conditions, optical stimuli can result in near-unit conversion of excitons to trions, opening up possibilities for SWNT-based optoelectronic devices that rely upon manipulating spin, energy, and charge.
Significance
Formation of quasiparticles, such as excitons, polarons, and trions in semiconductors are the foundation for modern optoelectronics. Unlike the widely investigated exciton and polaron, the trion, a three-body charge-exciton bound state, is less familiar due to its small binding energy in conventional inorganic semiconductors. Here, employing ultrafast spectroscopy and rigorously controlled charge-doping levels, we characterize trion creation and decay in single-walled carbon nanotubes (SWNTs), wherein trions are stable at room temperature. We show that SWNT trions derive exclusively from a precursor exciton state, and importantly, that exciton-totrion conversion can approach unity under appropriate conditions. Because trions simultaneously carry excitation energy, charge, and spin, our findings may guide design of new SWNT-based optoelectronic devices, including photovoltaics, photodetectors, and spintronics.
Results and Discussion Acquiring Homogeneously Engineered SWNTs Samples. As a primary task for identifying trion dynamics, we acquired SWNTs having high uniformity of electronic structure (chirality) and length. Dispersion of these SWNTs in the condensed phase by exploiting a binaphthalene-based polyanionic semiconducting polymer [S-PBN(b)-Ph 5 ] that exfoliates, individualizes, and disperses SWNTs via a single-chain helically chiral wrapping mechanism, assures morphological homogeneity of these samples (Fig. 1A ) (18) . These semiconducting polymer-SWNT superstructures maintain a fixed polymer helical pitch length on the SWNT surface (Fig. 1B) . The robustness of the polymer-SWNT superstructures in various aqueous and organic solvents enables multiple rigorous separation procedures that permit isolation of highly enriched (19) (purity > 90%), length-sorted (20) (700 ± 50 nm) (6, 5) (1, 000 nm) optical excitation. Owing to the high homogeneity of these (6,5) SWNT superstructures, transient absorptive hallmarks for a broad range of quasi-particles are clearly visualized: these include a dominant E 00 → E 11 bleach centered at ∼1,000 nm (21) and three positive transient absorption bands observed to the red of this bleach, at ∼1,100 nm (E 11 → E 11,BX ) (20) , ∼1,150 nm ( 3 E 11 → 3 E nn ) (22) , and ∼1,200-1,300 nm (fast-decay signal, τ ∼ 0.7 ps) (23) .
Unambiguous analysis of trion dynamics also requires SWNTs with rigorously controlled carrier-doping densities. (24) . We emphasize that spectroscopic data demonstrate that the S-PBN(b)-Ph 5 polymer remains unoxidized by this procedure, as the semiconducting polymer valence band energy is stabilized by over 400 meV relative to that of the (6,5) SWNT (24) . With length-sorted SWNTs in hand, and known nanotube concentrations in solution, the stoichiometric oxidant enables precise control over hole density are governed by a 1D diffusion-controlled exciton-exciton annihilation (EEA) process (2E 11 → E 11,2 + E 00 → E 11 + E 00 , where E 11,2 represents an E 11 exciton within the second manifold) (21, 25) , giving rise to a signal reduction of ∼50% within 2 ps (Fig. 2C ). On the other hand, E 11 exciton dynamics evinced in hole-doped SWNTs manifest faster decay relative to that determined in their neutral analogs (Fig. 2C) . Given the excess of hole polarons relative to excitons in SWNTs for this pump-probe experiment ([E 11 ] ∼ 0.6 (100 nm)
, we hypothesize that before EEA events, optically generated E 11 excitons diffuse to nearby hole-polaron sites and are trapped, forming hole trions. Furthermore, E 11 exciton decay in holedoped SWNTs clearly correlates with the rise of the nascent transient absorption signal at 1,190 nm within ∼0.5 ps. As such, the correspondingly evolved transient absorption manifold centered at 1,190 nm is attributed to a trion transient absorptive hallmark (Tr
Unveiling Trion Dynamics by 1D Diffusion Kinetic Model. Kinetic modeling of these exciton and trion signals reveals that trions form via the diffusion of excitons to hole polaron sites; once formed, these quasi-particles decay in a first-order manner (schematically illustrated in Fig. 3A) . We evaluated trion formation and decay dynamics using a 1D diffusion kinetic model depicted in Fig. 3B , that also takes into account 1D diffusioncontrolled EEA processes explicitly described by Lüer et al. (21) .
In this model, we assume that hole polarons in 1D SWNTs in D 2 O are stationary sites on the timescale of these experiments (akin to a 1D Wigner crystal) (26) , contrasting the mobile nature of excitons. This assumption is justified by considering the long-range Coulomb repulsion among positively charged quasi-particles, and the fact that migration of such species is accompanied with significant outer-sphere reorganization energy in the condensed phase (27) . We fit the E 11 exciton and hole trion kinetic data with numerical solutions of the coupled differential equations that describe the kinetic model in Fig. 3B (Methods and SI Appendix, Sections 3.a and 3.b). As shown in Fig. 3C , the agreement between our kinetic model and the experimental data provides compelling proof of a diffusion-controlled trion formation mechanism, and determines directly SWNT hole trion formation and decay constants (k Tr ∼ 5.4 × 10 11 s
, and k E-Tr ∼ 4.5 × 10 6 nm s
). We further studied the dependences of trion formation and decay dynamics upon hole polaron densities, and examined how [h + ] impacts the diffusive behavior of excitons. As can be seen in Fig. 4 , a striking feature--manifest clearly in these dynamical data--is that the trion formation rate constant, k E-Tr * = k E−Tr t , where k Tr is the average value for k Tr , and σ SD is the SD of k Tr ) (SI Appendix, Section 3.c.1). These observations are congruent with the 1D diffusion-controlled trion formation/decay picture highlighted in Fig. 3A . Additionally, as k EEA ∼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 32D E11 =π p (21) and fluorescence quenching studies of SWNTs suspended in agarose gels (28) . Furthermore, an exciton diffusion length may be determined from the relation SWNTs, τ E11 is ∼0.5 ps, indicating that L E11 is ∼6 nm, which matches closely the half spatial separation between hole polarons (d h+ /2 ∼ 3.5 nm). This correlation between L E11 and d h+ /2 is consistent with the notion that trion formation in optically excited holedoped SWNTs derives from an exciton diffusion process that occurs on a timescale over which hole polarons are effectively stationary.
Importantly, these experimental data and the corresponding numerical simulation of these results (SI Appendix, Section 4) indicate that exciton-to-trion conversion can approach unity under hole-doping levels that range from 6.1 to 14.3 (100 nm) −1 (SI Appendix, Fig. S13 ). Based on the kinetic model in Fig. 3B , the exciton decay rate in hole-doped SWNTs is determined by ðdN E 11 =dtÞ decay = ð−k 10 
Þ, and ð−k E-Tr t −1=2 N h + N E 11 Þ represent the three exciton decay channels (intrinsic first-order decay, EEA, and trion formation, respectively). Using the k EEA and k E-Tr values obtained in these studies, our numerical simulations demonstrate that trion formation defines the dominant exciton decay channel for hole-doped SWNTs in which Fig. 2A .
Conclusions
In summary, we have shown that trion quasi-particles form from exciton migration to stationary hole polaron sites in optically excited, charged semiconducting SWNTs, while trion decay is a first-order process. These data demonstrate that under the experimental conditions here, trions are not produced by direct optical excitation of any ground-state absorption associated with hole-doped SWNTs, contrasting sharply the photophysics of carrier-doped conventional semiconductors, wherein trions may be produced via an optical transition from the ground state. This work further establishes a SWNT hole trion transient absorptive signature (Tr −1 ] of these quasi-particles at a certain time t, k 10 is the intrinsic first-order decay rate constant for bright singlet excitons in (6,5) SWNTs, k 21 is the rate constant for the first-order decay from the second to the first exciton subband, k Tr is the firstorder decay rate constant of trions, k EEA t −1/2 N E11 is the EEA rate constant, and k E-Tr t
N h+ is the trion formation rate. Note that all rate constants are in units of ps coexistence of an exciton and a charge carrier, we emphasize that the Tr ), exciton-totrion conversion can approach 100% following optical stimuli. Because these tightly bound trions undergo drift in electric field (30) , which results in simultaneous transportation of energy, charges, and spin, these trion formation and decay dynamical data may guide design of new SWNT-based optoelectronic devices important for photovoltaics, photodetectors, and spintronics.
Materials and Methods
Additional details regarding the materials characterizations, spectroscopic measurements, and data processing may be found in SI Appendix.
Preparation of Polymer-Wrapped (6, 5) SWNTs. Approximately 10 mg of nanotubes (704148-1G lot# MKBJ6336V; Sigma-Aldrich) were added to a vial containing 20 mL of aqueous 1.04% (wt/vol) sodium deoxycholate. The vial was bath sonicated for 15 min and then tip sonicated for 2 h (Ultrasonic Liquid Processors, S-4000; MISONIX) at a power level of 12 W. The mixture was centrifuged (Optima TLX Ultracentrifuge) at 90,000 ×g for 1 h and the top 80% of the supernatant was collected. An aqueous two-phase extraction (ATPE) method (19) was utilized to purify (6, 5) SWNTs. Briefly, after addition of SWNTs to the "ATPE system," (6, 5) SWNTs were isolated in a given phase by varying SDS concentration of the system. Once isolated, the layer containing the desired SWNTs was collected and an equal volume of aqueous 2% (wt/vol) sodium cholate was added. To prepare polymer-wrapped SWNTs, the previous solution was added to an aqueous mixture of the desired polymer dispersant. Surfactant and unbound polymer were removed by exchanging the solution into a buffer solution and subjecting to gel permeation chromatography [this step yielded length-sorted polymer-wrapped (6,5) SWNTs]. The resulting sample was desalted via centrifugal filtration. The sample was washed with and then taken up in the desired solvent mixture (18) . This solution was used with no further modifications.
Optical Configuration of the Ultrafast Pump-Probe Setup. Ultrafast transient absorption spectra were obtained using standard pump-probe methods. Optical pulses (∼150 fs) centered at 780 nm were generated using a Ti:sapphire laser (CPA-2001; Clark-MXR), which consists of a regenerative amplifier seeded by a mode-locked fiber oscillator. An optical parametric amplifier (TOPAS-C; LIGHT CONVERSION) generates excitation pulses tunable in wavelength from the UV through the near-infrared (NIR) region. The pump beam was chopped at half the laser repetition rate (∼500 Hz). A fraction (<5%) of the output from the regenerative amplifier was passed through an optical delay line, and focused onto a 2-mm c-cut sapphire plate to generate a whitelight continuum used as the probe beam. The polarization and attenuation of the pump and probe beams were controlled by a λ/2 wave plate and Rochon prism polarizer pairs. Pump/probe polarization was set to magic angle (54.7°) for these experiments. The pump spot-size diameter was ∼0.2 mm. After passing through the sample, the probe light was focused onto the entrance slit of the computer-controlled image spectrometer (SpectraPro-2150i; Acton Research Corporation). Transient absorption data acquired over the 0.9-1.4-μm NIR region were recorded using a liquid-nitrogen-cooled InGaAs 512-element linear array detector (Roper Scientific) interfaced to a SpectraPro-2150i spectrometer. All these experiments utilized a 2-mm-path-length fused-silica sample cell; all transient optical studies were carried out at 20 ± 1°C. All transient spectra reported represent averages obtained over five scans, with each scan consisting of ∼100-200 data points. In these experiments, the delay line utilizes a computer-controlled delay stage. Delay times up to 6 ns were achieved using a Compumotor-6000 (Parker).
Brief Description of 1D Kinetic Model. Based on the 1D diffusion kinetic model shown in Fig. 3B , the relevant rate equations/ordinary differential equations (ODEs) follow: [4] where N X (X = E 11 , E 11, 2 , Tr + 11 , or h + ) is the density (/100 nm) for the corresponding quasi-particles, k 10 = 0.048 ps −1 is the intrinsic first-order decay rate constant for bright singlet excitons in (6,5) SWNTs (31), k 21 = 23 ps −1 is the rate constant for the first-order decay from the second to the first exciton subband (32) , k Tr is the first-order decay rate constant of trions, k EEA (t − t 0 ) −1/2 is the EEA rate constant, and k E-Tr (t − t 0 ) −1/2 is the trion formation rate constant. Note that (i) t 0 is a fitting parameter; (ii) the (t − t 0 )
dependence of EEA and hole trion formation processes originate from 1D diffusion (29) ; and (iii) k E-Tr = k EEA /2 ffiffiffi 2 p (21). Providing initial values for Nx, the optimal numerical solutions of ODEs [1] - [4] can be solved in the process of fitting the experimentally acquired E 11 and Tr ] is a function of time, this value is acquired from numerical simulation based on rate equations derived from the kinetic model in Fig. 3B ; hole trion decay rate constants are directly represented by k Tr , as trion decay is a first-order process (a 3D plot describing hole trion formation and decay dynamics as functions of time and [h + ] may be found in SI Appendix, Fig. S9 ). Error bars represent the uncertainty from fitting the exciton and trion kinetic traces.
